We discuss techniques for measuring myeloperoxidase activity cytochemicaily in isolated polymorphonuclear neutrophils. We have used a sophisticated scanning microdensitometer as a reference device and compared results obtained by Zeiss Ultraphot III B and Reichert Zetopan microscopes with those of the scanning microdensitometer. We made both end-point and kinetic measurements, using conventional microscope slides and a special incubation chamber. Some resolution is lost with simpler microscope systems, but they provided results sufficiently like those obtained with the scanning microdensitometer that they could be used in the clinical laboratory to allow investigation of enzyme activity in single cells.
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We discuss techniques for measuring myeloperoxidase activity cytochemicaily in isolated polymorphonuclear neutrophils. We have used a sophisticated scanning microdensitometer as a reference device and compared results obtained by Zeiss Ultraphot III B and Reichert Zetopan microscopes with those of the scanning microdensitometer. We made both end-point and kinetic measurements, using conventional microscope slides and a special incubation chamber. Some resolution is lost with simpler microscope systems, but they provided results sufficiently like those obtained with the scanning microdensitometer that they could be used in the clinical laboratory to allow investigation of enzyme activity in single cells. Measurement of enzyme activity in single cells is of potential value in identifying inborn errors of metabolism and in investigating cellular metabolism. After we described a method for studying the kinetics of myeloperoxidase in single neutrophils (1), we anticipated that the technique would be applied to other enzymes and cells. We also recognized that broad application of the concept would require a simpler approach than the "Grain Counter" that we used. Later, we reported our experience with approaches based on use of a Zeiss Ultraphot ifi microscope and an even simpler microscope (2). Our original method for measuring the kinetics of enzyme as the measuring device. In the simplifled procedures, we use the same analytical concepts, but instead of using the multipurpose sophisticated densitometer we use standard microscopes with cameras having automatic exposure meters that can be used as photometers. Any microscope photometer may be used, but our goal has been to use equipment that is readily available in a clinical laboratory. 
Materials and Methods

Specimen Preparation
A conventional finger-tip puncture technique was used to obtain a drop of blood, which was smeared on microscopic slides for the static studies, and on round cover glasses, which form the walls of the incubation chamber, for the dynamic studies (3).
Cytochemical Reaction
"Myeloperoxidase" is the common name given to the version of the enzyme peroxidase (donor:hydrogen-peroxide oxidoreductase, EC 1.11.1.7) that is present in cells of the myeloid series. Peroxidase catalyzes the oxidation of various phenolic compounds and amines in the presence of H202. Polymorphonuclear neutrophils (PMNs) are exceptionally rich in this enzyme, which may comprise as much as 5% of their dry weight.
Peroxidase activity of PMNs smeared on microscope slides was measured by the cytochemical technique of Osgood as described by Gomori (4). In this technique, p-diaminodiphenyl (benzidine; Sigma Chemical Co., St. Louis, MO 63178) in hydrogen peroxide is used as substrate. Depending on the exact technical conditions, oxidized beuzidine forms as a brown-black or dark-blue insoluble precipitate at the sites of enzyme activity. For the reaction to be suitable for optical measurements the deposit should either be black or in effect converted to black by suitable optical ifiters. We used monochromatic light at 540 nm to achieve this effect. For kinetic measurements in an incubation chamber, we used the same reaction as modified by Markovic (5).
Apparatus for Continuous Monitoring of Cytochemical
Reactions
Details of the design of the chamber for incubation of cells with substrate have been described previously (3). In sum-mary, two glass cover glasses enclose a chamber of 200-L volume. For regular light microscopy, the specimen is smeared on the lower surface of the upper cover glass. For inverse light microscopy, the specimen is smeared on the upper surface of the lower cover glass. An excess of substrate is assured during a study by a continuous gravity flow of substrate solution at 0.25 mL/min.
Measurement of FRP, and Definition of Parameters
Most cytochemical methods have been designed to demonstrate only the presence or absence of an enzyme in a cell. Conditions for the enzyme reaction are established so that enough product is produced for easy recognition, but not so much that the morphological features of the cell are obscured. Results are commonly reported as negative or positive, but the amount of deposit inside the cell can be further reported as poor (1+), fair (2+), good (3+), or grossly positive (4+). This semiquantitative approach has been used to assay several hundred cells on a single slide, particularly for alkaline phosphatase activity in polymorphonuclear neutrophils.
In our studies, regardless of whether a camera-fitted microscope, a photometer, or a scanning microdensitometer is used as measuring device, an adjustable mask is used to isolate the cell for study in the eye-piece of the microscope. The threshold of detection for the deposit in a cell is set on features of the cell that are darker than the general background without FRP, but well below the upper limit of the gray scale of the instrument.
Only density can be measured by photometers and cameras, whereas both area and density can be measured by densitometers. With computerized scanning microdensitometers, average density can be evaluated. Density is derived from the net absorbance of all the dark features framed by the mask. Area is defined by the number of picture points with absorbance exceeding the detection threshold that are framed by the mask. The average density is defined as the density per unit of area.
Density is the log of light absorption, either from the entire cell surface, in the case of photometers, or from the detected area, in the case of scanning microdensitometers. Area is the number of square micrometers of FRP, or number of picture points with density exceeding the detection limit. Thus, average density is of limited value as a measuring parameter.
With light microscopy, it is difficult to quantify the total FRP per cell, because of the need to adjust the microscopic focus and light beam to different-size cells and to take into account the three-dimensional nature of the deposit.
High-resolution objectives are needed to detect very small amounts of FRP, but even the least detectable amounts involve very many molecules of analyte.
Furthermore, much FRP goes undetected, because a granule must lie within the focal plane for it to be detected, and there is no effective means of compensating for this deficiency. Most densitometers recognize 256 gray levels, which are transformed into 64 numerical levels from "white" to "black." If the color of the deposit is other than black, it is difficult to quantify.
Measurement of the kinetics of cytochemical reactions is free of many of the problems of end-point analyses, and gives more precise results than do the static measurements.
Measuring Instruments
The "Grain Counter." The Grain Counter, a computerized scanning microdensitometer, has been described previously (3). We have discussed its use for quantitative cytochemistry (1).
Zeiss (Opton) Ultraphot III microscope (Carl Zeiss, Inc., Thorn wood, NY) . This is a multipurpose photomicroscope for use in clinical laboratories with limited space. It is equipped with a photomultiplier linked to an automatic time exposure meter. When the system is used, a cell is selected and brought into the central circle of the eye-piece. The magnification is adjusted so that the image of a cell completely ifils the eye-piece, separating that cell from all others. The instrument is calibrated so that the baseline is set on a clear part of the cell, and the appearance and accumulation of FRP will result in a longer exposure time. The exposure time is measured in tenths of a second, so that gradual changes with time can be equated with changes in density. Absorbance may be derived from the changes in time by the use of gray-level standards. 
ReichertZetopan
Protocolfor Examiningthe Comparability of Measuring Systems
Chamber study.
1) A drop of peripheral blood or cell suspension is smeared on a round cover glass and air dried.
2) The cover glass is inserted into the Grain Counter as described previously (3).
3) Feed and drain tubes are connected to the chamber as described previously (1).
4) A single three-lobed polymorphonuclear neutrophil is focused in the center of the microscope field, at a magnificationofx630to x1250. 5) The Grain Counter projects an image of the cell onto a monitor, where it is framed in such a way to exclude other cells. Other microscopes do not include monitors.
6) The detection threshold is set as described previously. 7) Substrate solution is allowed to flow into, and out of, the chamber, to initiate the enzyme reaction. This causes substrate to enter the cell and FRP begins to form, eventually ifiling the cytoplasm but remaining contained within the cell. Quantitation is done while the cell is bathed in substrate.
8) Measurements begin with the opening of the stopcock to initiate the reaction and are continued at 15-s intervals for the Grain Counter and 30-s intervals for the Ultraphot and Zetopan. 9) Data are recorded as soon as the density exceeds the detection limit and are accumulated until the entire cell is filled with FRP and there is no further change in absorbance.
Slide study.
Cytochemical specimens for slide studies are prepared as follows:
1) A drop of peripheral blood or a suspension of cells is smeared on standard microscope slides in the conventional manner.
2) The smeared slide is incubated with substrate solution for 10 mm.
3) No fixing or counterstaining is done. 4) The slide with fully developed FRP in the cells is illuminated with light with a wavelength of 540 nm, under high magnification.
5) Three-lobed polymorphonuclear neutrophils are idencs tified by criteria previously established for light, phase, and interference contrast microscopy. 6) The amount of FRP is measured on a cell-by-cell basis by an experienced hematologist; a "Grain Counter" measuring density, area, and average density; the Ultraphot, in which density is recorded in time-equivalents and in absorbance; or the Zetopan with photo-automatic attachment that records the density in millimeter equivalents and in absorbance. 7) Results are reported both in terms of score and frequency distribution of measured units.
Results
Chamber Studies
Computerized scanning microdensitometer. Figure 1 depicts the curves for area, density, and average density obtained with the Grain Counter when a single polymorphonuclear neutrophil was studied for myeloperoxidase activity.
The area curve, which records only the density above the unstained cellular background, demonstrates the four phases of an enzymic reaction: introduction, development, stabilization, and saturation.
The introductory phase corresponds to the appearance of the first granules of FRP and continues during the early accumulation of additional granules. The developmental phase begins with the rapid appearance of many additional granules and continues until no more granules accumulate.
The stabilization phase continues from this point until all the granules coalesce. The saturation phase is related to the continued increase in density without further growth of the area of FRP.
The density curve is sigmoid, like the area curve, but the four phases are less distinct, as both the number and response of detected picture points change during the reaction. The size of a single picture point in the Grain Counter at any given magnification corresponds to a well-defined area of a cell image. As soon as the amount of FRP in the area represented by a single picture point exceeds the threshold of detection, the density of the picture point begins to be recorded. The signal increases until the absorbance reaches a ceiling, the so-called "black absorption." Thus, the instrument measures only a narrow range of FRP accumulation between the threshold and the "black level." Because the FRP precipitates as a three-dimensional deposit inside the cell, adjacent picture points are triggered when the size of the deposit increases. Thus, the number of picture points
FIg. 1. KInetics of peroxidaseactivity in single polyrnorphonuclear neutrophilsfrom healthyvolunteersas measured in an incubation
chamber and evaluatedwitha GrainCounter must be considered in calculations of the absolute amount of deposit produced. The intracellular accumulation of a deposit is not spherical and assumes an irregular shape, depending on the available space within a cell. Cellular inclusions, such as organelles, both influence the shape of the area of the FRP and also contribute, to some extent, to the overall density of the cell.
The average-density curve illustrated in Figure 1 is irregular and biphasic. A sharp increase in the introductory phase is followed by a less steep but smooth sigmoid curve during the developmental phase of the reaction. This is a consequence of the narrow range of density that can be recorded and the speed of the reaction. Because the color of the FRP is black, the time for the first granule to reach its "black absorption" level is less than the time required for the appearance of new granules. This causes the initial steep increase in the average-density curve, which lessens until many additional granules exceed the detection threshold during the developmental phase.
Continuous monitoring of the reaction rate is best done with a small computer, but this adds to the overall cost of the measurement system. As an alternative, we have explored the concept of the "enzyme unit," which we have defined as the change in the amount of FRP or increment of FRP density per unit of time during the middle of the stabilization phase as determined from the area curve. However, to validate this approach, a complete curve must first be run, and the most practical alternative may be to make a reading at a fixed time, such as 280 s, which would be applicable to the myeloperoxidase reaction studied in Figure 1 .
Zeiss Ultraphot III. Figure 2 exemplifies the density curve obtained from 1000 polymorphonuclear neutrophils. A time of 4 to 6 s was used as the starting point for recording the density. This is the time at which the FEP reaches the threshold at which an observer can detect its presence. The reaction is terminated when there is no further increase in exposure time, which occurs when no further increase in density is observable-usually at about 2.5 times the exposure at the start of the reaction. The curve between the starting point and the saturation level represents the mean density (± 1 SD) from 1000 polymorphonuclear neutrophils from a healthy individual. It is evident that the curve is 
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Zetopan.
A density curve obtained by the Zeptopan is identical to that obtained by the Ultraphot. Thus a curve obtained by the Zetopan would be superimposible on that of the Ultraphot, with substitution of a millimeter scale for that of seconds.
Slide Studies
We studied the FRP in both polymorphonuclear neutrophils and eosinophils, using all three systems. An experienced hematologist classified the cell types, and about 100 randomly selected cells were examined by each of the systems.
Grain Counter. Figure 3 illustrates the distribution of both area and density in the polymorphonuclear neutrophils and eosinophils of a patient with an allergy. This approach demonstrates that, for a given individual, there is considerable inter-cellular variation in the amount of enzyme activity within the same cell type.
Ultraphot HI and Zetopan. The curve for density that we obtained by these instruments was similar to that obtained for the density curve by the Grain Counter.
DIscussIon
If appropriate cytochemical reactions are available, most intracellular enzymes can be measured in their natural environment. An appropriate cytochemical reaction entails: maintenance of the normal morphology of the cell throughout the entire reaction #{149} diffusion of substrate from the incubation mixture into the cell in such a way that substrate excess is achieved at the active enzyme sites #{149} production of an insoluble product from the catalytic reaction that precipitates at the enzyme site, so that when a sufficient amount has been accumulated the detection threshold of a measuring device can be triggered #{149} maintenance of the integrity of the cell membrane so that the reaction product does not leak out of the cell The myeloperoxidase reaction that formed the basis of this study fulfils these criteria.
All cells present on a slide or in an incubation chamber undergo the same reaction, although the enzyme activity of only one was followed during any phase of this study. The pattern of the reaction is the same in every cell, although the spread of results illustrated in Figures 2 and 3 demonstrate that these cells do not all contain the same amount of enzyme, as evidenced by the difi'erent amount of activity that was apparent under uniform conditions. However, the slope of the reaction curve appears to be the same for all cells, including introductory, developmental, stabilization, and saturation phases. The curves are sufficiently reproducible that points in the middle of the development phase or stabilization phase, or when the curve in the saturation phase assumes a horizontal slope, can be used as reference points to compare enzyme activity. Nevertheless, before it is possible to determine such points, the complete reaction curve must be followed so the position of the reference points can be estimated. This unnecessarily complicates the procedure and the reproducibility of the curves suggests that measurements could be made at fixed times once the characteristics of a reaction have been established.
The computerized scanning microdensitometer has demonstrated that the amount of product from an enzyme reaction may be measured in single cells by either a dynamic or a static approach. Comparable results are obtained whether studies are performed in an incubation chamber or on a microscope slide and whether data are obtained by a sophisticated scanning microdensitometer or a simpler microscope with a photometric recording device.
Kinetic studies have demonstrated advantages over single measurements at the completion of an enzyme reaction. However, it is possible to make isolated measurements at fixed points during the course of a reaction to allow the benefits of continuous measurements, without the complexity of the continuous monitoring. We suggest that the midpoints of the developmental and stabilization (enzyme unit) phases, together with the point at which no further increase in density occurs in the saturation phase, may be used as indices of the amount of enzyme activity. Studies to prove our contentions are in progress.
